The paper describes the application of CFD modeling for designing a nonwoven air-laying system to produce 3D webs from staple fibers. The fibers are opened by an opening unit and carried by airflow to 3D porous moulds to form the web. The most critical parameter of the air duct is the divergent angle that in theory should be less than 7 o to avoid airflow vortex. The airflow angle to the surface of a 3D mould is different at different points. To produce a 3D web with acceptable thickness uniformity, the airflow through the moulds must be regulated. This can be achieved by modifying the airflow resistance distribution through the 3D mould.
Introduction
Nonwoven fabrics are at present manufactured in a flat form, but for many applications a 3-dimensional product has to be constructed from the flat fabric. The flat fabric is packaged and dispatched by the fabric producer to a converter, who then has to unpack the fabric, lay the fabric out, cut the appropriate panels from the fabric, and produce the final product by sewing and/or fusing together the panels. The packaging, freight and labor costs and the cost of wastage inevitably generated during panel cutting can account for up to 70% of the production cost.
Research in nonwovens over the past few decades has been mainly in the areas of specialized nonwoven machines and processes, larger and faster machines, machines with better adaptability to new fibers, measuring and monitoring techniques for improved web uniformity, and the understanding of the relationship between nonwoven structures and their performance properties. The overwhelming majority of the research is related to the manufacture and use of nonwovens as essentially 2-dimensional sheet structures, although there have been a few reports on the production of 3D nonwoven shell structures.
Thomas patented a machine for producing preforms for fiber-reinforced, plastics articles [1] . It was a slow process for producing large, rigid shell objects with a simple geometry. Miura and Hosokawa reported an experiment of making 3D nonwoven structures using an eletrochemical process [2] . The nonwoven structures produced were very resin rich with a resin-to-fiber ratio of 3~4-to-1. The fibers used were only 0.8 mm in length, which can hardly be classified as textile fibers. Brucciani patented a process of moulding thermally bonded fibrous articles [3] . Due to the lack of fiber flow control, however, it was difficult to produce a structure with the desired fiber distribution and textile properties. More recently, Eldim Applied Technologies developed a meltblowing machine that is capable of forming 3D pockets on the collection belt [4] , but the products are of very limited curvature and have properties closer to paper than textiles.
To successfully produce a 3D textile shell structure with the correct fiber distribution directly from staple fibers, it is essential that the principles of the fiber flow distribution over the surface of the 3D structure are understood, and the fiber distribution within the shell structure is controlled. In addition, an appropriate consolidation technique is required to give the structure the correct textile properties.
Against this background, we have carried out a major research project to develop the technology for the production of 3D nonwoven webs from staple fibers and for the consolidation of the 3D webs to the required textile properties, including strength and handle. We will report in a series of publications the technology that we have successfully developed. In this first part of our report, we will present and discuss the design of the web forming section aided by 
CFD Modeling of 3D Web Forming System
During the last decade, commercial CFD packages have been used extensively in the design of aircraft [5] and automotives [6] , and in many other engineering applications [7, 8] . However, CFD has only had limited use in textile engineering research and machinery design [9, 10] , even though fluid flow is extensively used in textile processes. The CFD technique offers the means of testing theoretical advances for conditions unavailable on an experimental basis and allows the prediction of fluid flow characteristics, heat and mass transfer, chemical reaction and other related phenomena. CFD analysis complements traditional testing and experimentation, shortening the system optimization cycle and reducing the risks.
In our process, schematically shown in Figure 1 , staple fibers are opened by an opening unit based on a roller card. The opened fibers are stripped off the cylinder by high velocity airflow and are carried to perforated 3D moulds. The moulds are placed on a guide track and are moved out of the mould chamber across the machine width into a bonding section for consolidation.
The design of the air transporting system is critical to the formation of the 3D web. The inlet of the duct, which is adjacent to the surface of the cylinder, should be narrow to provide a sufficiently high air velocity for stripping the fibers from the cylinder. The outlet of the duct is connected to the mould chamber, which must be able to accommodate the moulds, whose size is determined by the final product. The duct is thus divergent in the vertical direction. The sidewalls of the duct are parallel to each other and the width of the duct is the same as the working width of the card. The geometry of the duct, especially the divergent angle, and the airflow control requirements are determined using CFD modeling.
We used the Fluent commercial CFD package [11] for our work. The airflow was assumed to be incompressible. Because of the existence of fibers in the flow, the discrete phase model was included. A numerical mesh was generated by the definition of the system geometry. We used the Hexahedral grids in preference to the tetrahedral grids because it was more suitable to our airflow system, in which the internal structure was relatively simple and the main flow direction follows that of the air duct. However, the hexahedral grids require more effort during model construction. Because the physical geometry of the system is symmetrical to the central plane along the system, only half of the system needed to be modeled and this improved the speed of modeling. The flow used in the air-laying system was atmospheric air at normal room temperature (20±10 o C). The flow density and viscosity were determined accordingly.
The Reynolds numbers calculated from the flow rate and cross-sectional dimensions of the airflow system indicated that the airflow is turbulent throughout the system. For turbulence flow, the most widely used model is the k-e model [12] . In the k-e model, the turbulence effects are evaluated using two quantities: turbulence kinetic energy (k) and its rate of dissipation (e). There are two k-e models, the standard k-e model and the Renormalization Group k-e model [11] . We used the Renormalization Group (RNG) k-e turbulence model. Unlike the standard k-e model, which is based on Reynolds averaging, the RNG-based k-e turbulence model is derived from the instantaneous Navier-Stokes equations, using a rigorous mathematical technique called Renormalization Group (RNG) methods. The RNG model provides more universality and yields improved predictions for flows with high streamline curvature flows, wall heat and mass transfer, which exist in our system.
We are also interested in how the fibers are distributed in the airflow. For this discrete phase flow, the interaction between the discrete phase and the continuous phase was included for performing coupled calculations of the continuous and discrete phase flow. The discrete phase is injected into the continuous phase from a specified surface. The initial conditions for each particle stream need to be defined. These initial conditions include the particle position (x, y, z co-ordinates), velocity (u, v, w) and diameter, and also the mass flow rate of the particle stream that will follow the trajectory of the individual particle.
We used spherical particles that have the same specific surface diameter as that of fibers in the modeling. Because the drag coefficient used in the force balance equation was deduced originally for spherical particles, it is most convenient to express the geometry of an irregular fiber in terms of an equivalent diameter [13] . The equivalent diameter of a fiber is the diameter of a sphere with the same volume as the fiber itself, which can be expressed as:
where: D e = the equivalent diameter, V p = the volume of the fiber. Because the drag force is related to the surface area of a particle, the effect of the particle shape need to be included. The shapes of irregular particles are defined by a shape factor, i.e., sphericity j [14] . The sphericity j, and 0 < j < 1, is defined as (1) where S e = the surface area of sphere with the same volume as particle, S = the surface area of the particle. Thus the specific surface diameter D s , which is the diameter of a sphere having the same ratio of surface area to volume as the particle, is:
The specific surface diameter D s takes into account the effect of the surface area, or the shape of the particle, to the drag coefficient. Therefore, using the specific surface diameter D s is better than simply using the equivalent diameter. For the 3D mould, the porous media model is used [11] .
Results and Discussion
The parameters of the flow inside the system were computed after setting the relevant boundary conditions. The standard condition for numerical convergence of the residuals of less than 10 -3 was applied. The most critical results are presented and discussed below.
The Air Duct Divergent Angle
The geometry of the duct, especially the divergent angle of the duct, affects the airflow and the fiber distribution in the airflow. The amount of fiber depositing in a certain area depends on the air velocity passing through the area and the fiber concentration in the airflow. Therefore, these two factors were the focus of our attention in the system design.
Our system is designed to be able to produce products of up to 220 mm in diameter and this requires the mould chamber to have a height of at least 300 mm. The extra space around the mould is essential to allow the fibers to travel freely to the side surface of the mould. The air inlet near the cylinder surface has an opening of 40 mm. With these restrictions, the divergent angle also determined the length of the duct. By studying the airflow characteristics and fiber distribution with different divergent angles, the optimum flow condition can be obtained. Figure 2 shows an example of the velocity distribution in the vertical plane when the divergent angle is 7 o . As the velocity vectors are parallel to the flow direction, no vortex occurs. This is the optimum case because vortex can cause fiber entanglement and in severe cases reverse flows can occur near the mould surface, disturbing the deposited fibers. Figure 2 can also display the concentration of fibers in the flow. The fibers tend to concentrate near the bottom of the duct at the inlet end, but are gradually dispersed over the flow cross section while traveling towards the mould.
To obtain airflow without vortex, the divergent angle must be less than 7 o , which leads to a very long duct and large space requirement for the machine. We used a compromise design with a duct length of 1600 mm. In this case, the divergent angle was 9.2 o . Although a vortex occurred locally near the inlet area, it gradually disappeared to give a well-distributed flow near the mould chamber.
Fiber Deposition Control
The angle between the 3D mould surface and the airflow is variable at different points of the mould surface. Figure 3 shows the airflow velocity distribution in the vertical plane around a simple cylinder-shaped mould along the axis of the mould. Mould surface sections that are parallel to the mainstream direction of the airflow have lower fiber deposition and fibers deposited in these sections tend to slip towards the mould base. The airflow distribution can be modified by altering the flow resistance distribution. As an example, Figure 4 shows the flow distribution after a pipe-shaped buffering device, about half the length of the mould and with a solid surface, is used inside the mould. It can be seen that the airflow is guided by the buffer towards the sides of the mould. The important parameters for the control buffer are the dimension and shape. By designing an appropriate buffer, the airflow can be controlled to give a uniform fiber deposition on the surface of any given 3D mould. We are currently investigating the effects of the mould design, especially the porosity distribution, on the airflow and fiber deposition and will 
Experimental evaluation
Based on the design criteria described above, we built an experimental rig for the formation of 3D webs. We tested moulds of a variety of shapes, ranging from simple semispheres to complex ones that contain flat and curved surfaces and sharp edges. The moulds are constructed from metal meshes that have a uniform perforation. We present here the results for a cylindrical mould of 200 mm in diameter and 130 mm in height. The principle for other shapes is similar. Figure 5 compares the thickness distributions of two webs that were formed on the mould with and without airflow control. Polypropylene fibers of 1.5 denier and 40 mm length were used. The web thickness was tested using the Shirley Thickness Tester at a pressure of 5 g/cm 2 . The sampling positions are shown in Figure 6 . The side of the 3D web is divided into three equal sections. The top surface is divided into two radial sections at half the radius of the mould. Without any airflow control, the web in section 1 is the thickest as the fibers tend to move towards the bottom of the mould surface. In order to improve the fiber density distribution in the 3D web, the airflow through the sections where the web is thicker needs to be reduced. This airflow redistribution can be achieved by using an appropriate airflow control buffer. For the 3D mould discussed here, the shape and dimension of the buffer, optimized using CFD modeling, are shown in Figure  7 . The buffer has a solid sidewall, and open top and base. As shown in Figure 5 , the thickness distribution of the web formed using the airflow control buffer is significantly improved.
Conclusions
During the development of the technology for producing 3D nonwoven products directly form staple fibers, we have shown that CFD is a very valuable tool for optimizing the design of the flow system. The divergent angle of the air duct should be less than 7 o to avoid vortex in the airflow, although in practice the angle can be slightly larger to reduce space requirement. To produce a 3D web with uniform fiber density distribution, it is essential that the airflow through the 3D mould be regulated. The airflow control device can be optimized using CFD techniques. In the second part of our report, we will present the consolidation technology we have developed to give the 3D web the required end-use properties. 
